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Abstract Twisted atrioventricular connections occur almost exclusively in the hearts with biventricular atri-
oventricular connections. Only one example of double inlet left ventricle has been illustrated in which the
axes of the two atrioventricular valves crossed each other. We describe herein three patients, and one
autopsied specimen, with double inlet right ventricle in which magnetic resonance imaging clearly demon-
strated twisted atrioventricular connections.
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T
HE BLOOD STREAMS FROM THE ATRIUMS TO
the ventricles through the atrioventricular
valves are parallel to each other in almost all
hearts with two atriums and two ventricles.
Sometimes this is not the case. In these circum-
stances, the term "twisted atrioventricular connec-
tions" describes well this spectrum of conditions in
which the atriums are connected to the underlying
ventricles in a spiral fashion as if the heart were
twisted along its long axis.
1"
5 When there are twisted
atrioventricular connections, the ventricles tend to be
related in superoinferior fashion.
6"
10 With a greater
degree of twisting, the two blood-streams from the
atriums to the ventricles appear to criss-cross.
6'
810
Twisted atrioventricular connections occur
almost exclusively in hearts in which the atrioven-
tricular connections themselves are biventricular.
In a review of the overall spectrum, however, one
example of double inlet left ventricle was illus-
trated in which the axes of the two atrioventricular
valves crossed each other within the dominant left
ventricle.
10 This possibility, nonetheless, has not yet
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been validated, either in living individuals or at
autopsy. We describe herein three patients, and one
specimen, with double inlet right ventricle, in
which magnetic resonance imaging clearly demon-
strated the twisted nature of the atrioventricular
connections.
Materials and methods
Three patients with known double inlet right
ventricle underwent magnetic resonance imaging for
accurate evaluation of the cardiovascular anatomy.
Diagnosis prior to resonance imaging had been made
by echocardiography and angiography in all. The
data are summarized in the Table. All patients were
sedated by oral administration of chloral hydrate
(60—80 mg/kg of body weight). An electrocardio-
graphically gated spin-echo technique was used, with
the repetition time determined by heart rate and a
short echo time. We used a body coil and an 18—25
cm field of view. Transaxial, coronal, sagittal, right
anterior oblique, and left anterior oblique images
were obtained at a thickness of 5 mm, and with gaps
of 0—20% of the thickness between the sections. All
images were obtained with a 256 X 128 matrix, and
two signals were averaged. The images were inter-
preted using sequential segmental analysis. The
images obtained using magnetic resonance were568 Cardiology in the Young November 2000
compared retrospectively with the echocardiograms
and cineangiocardiograms. We also evaluated a
cardiac specimen having similar basic pathology. So
as to facilitate clinico-pathologic correlation, we
performed resonance imaging of the specimen by
using Tl-weighted spin-echo technique.
Results
All three patients showed normal arrangement of
the abdominal and thoracic organs and atriums
(Table). The heart was positioned in the middle of
the chest in one patient, and was right-sided in
two. All three patients had double inlet to a
dominant right ventricle. Each patient had
different ventriculoarterial connections: double
outlet right ventricle, single outlet from the
dominant right ventricle with pulmonary atresia,
and discordant connections, respectively. The
spatial relationship of the cardiac chambers was
unusual for the given segmental connections (Figs
1-3). The right atrium was located to the right of,
Table. Summary of Patient Data
Parameter Case 1 Case 2 Case 3
Age / sex
Atrial arrangement
Heart position
Atrioventricular connections
Ventriculoarterial connections
Position of aorta relative to
pulmonary artery
Direction of twisting
Associated malformations
Treatment
5 year / male
Usual
Midline
Double inlet right ventricle
Double outlet from right
ventricle
Anterior and slightly to the
left
Clockwise
Subpulmonary stenosis
Fontan operation
4 month / male
Usual
Right
Double inlet right ventricle
Single outlet from right
ventricle
Directly anterior
Clockwise
Pulmonary atresia, patent
arterial duct
Lost to follow-up
4 month / female
Usual
Right
Double inlet right ventricle
Discordant
Anterior and slightly to the left
Clockwise
Subpulmonary stenosis, left
juxtaposition of the atrial
appendages, atrial septal defect
within oval fossa
Fontan operation
Figure 1.
Patient #1. Double inlet and double outlet right ventricle. Transverse magnetic resonance images {TRITE = 594msec/l4msce) in craniocaudal
sequence show that the atrioventricular valve of the right atrium (RA) is located superior to that of the left atrium (LA). Both valves are connected
to the right ventricle (RV). The opening axis of the atrioventricular valve of the right atrium (arrow in A) points the left anterior chest wall, while
that of the valve of the left atrium (arrow in B) points the right anterior chest wall. Notice the curved atrial septum (small arrows in B).Vol. 10, No. 6 Kim et al: Twisted atrioventricular connections in double inlet right ventricle 569
Figure 2.
Patient #2. Double inlet right ventricle, the aorta from the right ventricle and pulmonary atresia. Transverse magnetic resonance images (TR/TE
= 400msec/25msce) in craniocaudal sequence show superoinferior relationship of the two atrioventricular valves that are connected to the right
ventricle (RV) as in Patient 1. The opening axis of the atrioventricular valve of the right atrium (RA) (arrow in A) points the anterior chest wall,
while that of the valve of the left atrium (LA) (arrow in B) points the right anterior chest wall. The atrial septum shows a curved configuration
(small arrows in B).
Figure 3-
Patient #3. Double inlet right ventricle with discordant ventriculo-arterial connections. Transverse magnetic resonance images (TRITE =
644msec/20msec) in craniocaudal sequence show superoinferior relationship of the two atrioventricular valves that are connected to the right
ventricle (RV). The axes of opening of the two valves are not parallel to each other, and the atrial septum is curved (small arrows in B).
Rudimentary left ventricle (LV) is seen to the right of and inferior to the right ventricle. LA = right atrium, RA = right atrium.
and superior to, the left atrium in all. The rudi-
mentary left ventricle was seen to the right of, and
posteroinferior to, the dominant right ventricle in
all (Fig. 3b). The ascending aorta was located
directly anterior, or left and anterior, relative to the
pulmonary trunk. The atrioventricular valve
guarding the right atrioventricular junction was
superior to that guarding the left, with
malalignment of their axes of opening. The axis of
the atrioventricular valve of the right atrium was
directed more or less anteriorly, while that exiting
from the left atrium extended more rightward. It
was never possible to image the atrioventricular
valves in a single transverse plane in any patient.
The atrial septum was abnormal, showing a curved
configuration in all, with the convexity toward the
left atrium as seen in the transverse images. There
was subpulmonary stenosis in two, and pulmonary570 Cardiology in the Young November 2000
atresia in one. In the case with pulmonary atresia,
the confluent pulmonary arteries were supplied by
a patent arterial duct. There was left juxtaposition
of the atrial appendages in one patient.
The specimen showed normally arranged atriums.
The ventricular apex pointed to the right side. The
systemic and pulmonary veins were connected to the
appropriate atriums. The right atrium was located
slightly superior to the left atrium. The atrioven-
tricular valve of the right atrium was divided into
two distinct orifices, each of which was supported by
its own tension apparatus. The atrioventricular valve
of the left atrium was normally formed. The
ventricular mass had a dominant right ventricle and
a rudimentary and incomplete left ventricle, with
the left ventricle to the right of, and posteroinferior
to, the right ventricle. The inferior and rightward of
the two atrioventricular valvar orifices exiting from
the right atrium was connected to the left ventricle.
The superior and left orifice of the same valve, and
the entire atrioventricular valve of the left atrium,
were connected to the dominant right ventricle.
Thus, there was double inlet right ventricle, but with
straddling and overriding of the right atrioven-
tricular valve, which had dual orifices. The basal
parts of the opposing leaflets of the two atrioven-
tricular valves were fused, and there was an oval
fenestration in the fused part of the leaflets. Because
of this unique location, the fenestration functioned
as an interatrial communication. Both the aorta and
pulmonary trunk arose from the right ventricle, with
the ascending aorta located directly anterior to the
pulmonary trunk. Magnetic resonance imaging of
the specimen clearly depicted the unusual spatial
relationship between the cardiac chambers,
revealing correlation with the pathologic findings
(Fig. 4).
Discussion
The term "twisted atrioventricular connections" is a
generic term for the abnormalities previously called
"criss-cross heart" and "superoinferior ventricles".
Both these entities show unexpected spatial rela-
tionships of the cardiac chambers and great arteries
for the given segmental connections.
1"
5 The pathog-
nomonic features of these hearts are the loss of the
normal parallel atrioventricular connection axes;
the angulated or curved configuration of the atrial
and ventricular septums; the unusual relationship of
the atriums, ventricles and great arteries; and the
presence of abnormal recesses in the atriums and
ventricles. These morphological features can be
easily understood if it is assumed that, subsequent
to septation, the heart has twisted along its long axis
from base to apex.
With the exception of one illustrated example of
double inlet left ventricle
10, twisted atrioventricular
connections have been found exclusively in hearts
with biventricular atrioventricular connections.
1"
10
The solitary case with double inlet, nonetheless,
shows that it is possible for the atriums to be
connected to the same ventricle in such a fashion
that there is crossing of the axes of the two atri-
oventricular valves.
10 This is no more than to be
expected, since hearts with overriding or straddling
atrioventricular valves, which are intermediate
between hearts having biventricular connections
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Figure 4.
The autopsied specimen. A. The opened right atrium and right
ventricle. The atrioventricular valve of the right atrium is divided into
two orifices (Rl andR2) by the bridging valvar tissue {asterisks). The
superior orifice (Rl) connects the right atrium to the right ventricle
(RV). The inferior orifice (R2) directs the right atrialfloiv to the left
ventricle, which is not shown in this photograph. Notice afenestration
(F) in the basal part of the atrioventricular valve leaflet that is fused
with the opposing leaflet of the atrioventricular valve of the left atrium.
B. The opened right ventricle shows the superior orifice of the atrioven-
tricular valve of the right atrium. The atrioventricular valve of the left
atrium (L) is seen behind the superior component of the right atrioven-
tricular valve. C. The opened left atrium and ventricles show the super-
oinferior relationship of the ventricles and curved configuration of the
intervening ventricular septum. The left atrium is connected to the supe-
riorly located right ventricle by the atrioventricular valve marked as L.
The free margin of the inferior component (R2) of the atrioventricular
valve of the right atrium is seen within the inferiorly located left
ventricle (LV). Notice the different direction of the atrioventricular
opening axes. The fenestration (F) in the atrioventricular valvar
leaflet is the left side of the fenestration shown in A. D. Magnetic reso-
nance image through the two orifices of the overriding right atrioven-
tricular valve. The right atrium empties into both right and left
ventricles through the two orifices (arrows). The axes of opening are not
parallel. The left atrioventricular valve is not imaged in this view.
Compare this image with the photograph shown in A. E. Magnetic
resonance image through the long axis of the atrioventricular valve
(arrow) between the left atrium and the right ventricle. The inferior
orifice (star) of the right atrioventricular valve is seen in its short axis.
The spatial orientation is mirror-imaged to that for C.
CS=coronary sinus opening, OF=oval fossa, SMT=septomarginal
trabeculation.572 Cardiology in the Young November 2000
and those with double inlet ventricle, are
commonly associated with twisted atrioventricular
connections.
10"
12 The initial illustration, however,
to the best of our knowledge, has not been vali-
dated by examples seen during life. The cases
described in this paper provide unequivocal
evidences of twisting along the base-to-apex axis.
These evidences include non-parallel axes of
opening of the atrioventricular valves with a super-
oinferior relationship of the valves themselves, a
curved configuration of the atrial septum, and an
abnormal relationship of the atriums. As suggested
by Anderson
10, the atrioventricular valvar tension
apparatuses also have an unusual arrangement
within the ventricle. In this retrospective study,
however, the arrangement of the papillary muscles
within the ventricle was not evaluated by echocar-
diography.
In hearts with biventricular atrioventricular
connections, twisting almost always occurs in such
a way to place the right ventricular inlet, and the
morphologically tricuspid valve, superior and
anterior to the left ventricular inlet and the
morphologically mitral valve.
1"
16 In other words,
hearts with ventricular topology of right-hand
pattern are usually twisted in a clockwise direction,
while hearts with left hand ventricular topology
rotate in a counterclockwise direction. In all of our
cases, the atrioventricular valve connecting the
right atrium to the right ventricle was located
above the one connecting the left atrium to the
right ventricle, which suggests twisting in a
clockwise direction. In all cases, the rudimentary
left ventricle was located at the posterior and right
inferior aspect of the right ventricle. This spatial
relationship is considered to be the product of
clockwise twisting of a ventricular mass which
exhibits right-hand topological pattern.
Our autopsied specimen is particularly interesting.
It shows double inlet right ventricle, but in concert
with double outlet right atrium, the latter existing
because of the duplicated orifices of the straddling
right atrioventricular valve. As the major orifice of
the overriding and straddling right atrioventricular
valve, and the entirety of the left atrioventricular
valve, were within the dominant right ventricle, the
atrioventricular connection was unequivocally double
inlet right ventricle. As with the three living patients,
the atrioventricular valve between the right atrium
and right ventricle was located superior to that
joining the left atrium and the right ventricle, and the
axes of opening of these two atrioventricular valves
were malaligned within the right ventricle.
Regardless of the modality used for imaging,
twisted atrioventricular connections should be
suspected when the axes of the two atrioventricular
valves are maligned.
1'
3'
5-
6'
8'
10 19 In extreme cases,
the axes of opening of the two valves can be almost
perpendicular to each other. In any given plane,
therefore, one valve is imaged along its long axis,
while the other valve is imaged across its short axis.
As magnetic resonance imaging produces a stack of
parallel images, it permits easy detection and
accurate estimation of the abnormal spatial rela-
tionship of the atrioventricular valves.
318-
19 This is
in contrast to echocardiography, in which truly
parallel imaging is not possible, because the heart is
visualized only by sweeping the transducer through
the sonic windows. This caveat, however, is likely
to be overcome by advances in three-dimensional
imaging. In summary, we have shown unequivo-
cally that twisted atrioventricular connections may
occur in hearts with double inlet ventricle.
Magnetic resonance imaging is excellent for
demonstrating the clues to the diagnosis.
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